Summary 1. The electrical responses obtained at various levels of the olfactory pathway when the nose of the hime salmon, a landlocked Pacific salmon, Oncorhynchus nerka, was infused with an odorous solution, were analyzed in terms of the frequency components by means of active band-pass filters. 2. The responses of the olfactory nerve appeared over a wide frequency range (20-315 Hz, the major frequency component being 40-125 Hz). It was composed of two kinds of frequency components, i.e., the 20-125 Hz components, which did not adapt during the stimulation, and the 125-315 Hz components, which adapted rapidly. 3. The responses in various regions of the olfactory bulb appearing in a narrower and lower frequency range (3.15-20 Hz, the major frequency component being 5-8 Hz) were compared with those from the olfactory nerve. They consisted of two kinds of frequency components, i.e., the 3.15-5 Hz components, which did not adapt during the stimulation, and the 5-20 Hz components, which adapted rapidly. 4. The responses in various regions of the olfactory lobe were almost identical with those of the olfactory bulb. 5. The activities in the 5-12.5 Hz frequency components were also seen in the responses obtained from both the olfactory lobe and the olfactory bulb on the contralateral side. 6. It is suggested that an asynchronous firing of the olfactory nerve fibers is largely converted to a synchronous one at the levels of the olfactory bulb. 7. The signal propagation through the olfactory pathway and the controlling mechanism of olfactory adaptation are discussed.
). An attempt has been made to describe the bulbar slow waves as a function of frequency which may provide the coding mechanisms in the olfactory bulb (BouDREAu, 1964; HUGHES and HENDRIX, 1967; HUGHES et al. , 1969; UEDA et al. , 1971; KUDO et al. , 1972; HARA et al. , 1973) . There hasalso been studied the slow waves in the telencephalon (BouDREAu, 1964; OSHIMA and GORBMAN, 1966; DƒÓVING et al. , 1973) Nihon Kohden Kogyo Co.).
The power spectra of the responses were measured by a procedure almost identical with that reported previously (Kupo et al. , 1972) , except that inthis experiment they were obtained after subtraction of the background activity from the response for the same analyzing time (20 sec).
The food-odor solution used as the stimulus substance was made by the following procedure. Fish food (Sankyo Co. , Tokyo) was dissolved in deionized water so that the final concentration was 0.5 %, after it was homogenized by means of a glass homogenizer. Then, it was centrifuged at 2,000 rpm for 5 min. The supernatant (original food odor solution) was used as the stimulant after suitable dilution. The stimulus solution was delivered into the nasal cavityat the rate of 0.9 ml per sec through the glass capillaries. The details of thedelivery apparatus were reported previously (SATOU, 1971 ). Figure 1 shows the eleven different recording sites on the olfactory pathway.
RESULTS
When the electrodes were returned to the initial position after first being moved Responses of the olfactory nerve The uppermost tracings of Fig. 2 (A-C) show typical responses to odorous stimulation recorded from three different sites (a, b and c in Fig. 1 , respectively) of the olfactory nerve as has been described above. It was observed that theslow potentials (arrows in Fig. 2 ) induced immediately after either the beginningor the ending of the stimulation became more remarkable with an increase in the distance from the olfactory bulb. The lower tracings of Fig. 2 (a-n) show the frequency response patterns. The (A) response consisted of frequency components ranging from 20 to 315 Hz. Two types of components were clearly distinguished: (1) the 20-125 Hz components, which did not adapt during the stimulation, and (2) those of 125-315 Hz, which adapted rapidly. On the other hand, the (B) response consisted of the 3.15-20 Hz frequency components and those of 20-315 Hz, which were similar to those in the (A) response. The 3.15-20 Hz components became much more remarkable in the responses recorded closer to the olfactory bulb (C). They were not generally involved in the responses obtained from the site distant from the olfactory bulb (i.e., from the (a) site of Fig. 1 ). In some preparations, however, they were involved in the response from this site, as is shown in Fig. 3A .
If the olfactory nerve bundle was sectioned just in front of the olfactory bulb, they disappeared; the frequency response patterns then showed a strong likeness to those shown in Fig. 2A (Fig. 3B) . In order to determine the distribution of the frequency components, the power spectra were calculated. Figure 4 shows the power spectra of the responses, which are identical with those of Fig. 3 . It is obvious that the frequency range of the response lies from 20 to 315 Hz with the peak frequency components in the range of 63-100 Hz after the olfactory nerve had been cut (Fig. 4B ). The power density in the very low frequency range (2-3.15 Hz) seems to reflect the slow potentials in the olfactory nerve (arrows in Fig. 3 ). It is important to point out that the major frequency components 40-125 Hz do not adapt at all during the odorous stimulation, as has already been shown in Figs. 2 and 3. Therefore, it may be considered that olfactory adaptation does not occur at the level of the olfactory nerve (see DISCUSSION). . These responses all had a similar frequency range of 3.15-20 Hz; its components might be classified into two types of components due to the degree of adaptation. That is, one was the 3.15-5 Hz component, which showed little adaptation during the stimulation, while the other was the 5-20 Hz component, which showed rapid adaptation. In the latter range components, it was observed that the adaptation became more rapid in the higher-frequency components. Figure 6A to those in Fig. 5A -F. Each response appeared in a narrower frequency range in comparison with that from the olfactory nerve. Only a slight difference could be found between these frequency response patterns. The peak frequency components of the responses were generally from 5 to 8 Hz and showed rapid adaptation (Figs. 5 and 6 ).
As the largest responses were generally obtained from the posterior olfactory bulb, the relation between the magnitude of the response and the strength ofthe stimulus was examined at this site (Fig. 7) . The magnitude of the response gradually increased with an increase in the stimulus intensity. Figure 8 shows the responses of the olfactory lobe (A) and of the olfactory bulb (B). They were simultaneously recorded when the contralateral olfactory epithelium was stimulated. The activity of the 5-12.5 Hz frequency components was remarkable upon contralateral stimulation.
DISCUSSION
The present experiments have shown that the electrical activities of the olfactory nerve far from the olfactory bulb consist of frequency components of a wide range (20-315 Hz) ( Fig. 2A) . When the electrodes were put on the olfactory nerve, closer to the olfactory bulb, the low-frequency components in the range 3.15-20 Hz, which had been just like those of the bulbar activity, became more evident (Fig. 2B, C) . They disappeared when the olfactory nerve was transected between the olfactory bulb and the recording site (Fig. 3B, Fig. 4B ). The possibility seems to be ruled out that the low-frequency components 3.15-20 Hz reflect the activity of the efferent fibers which come from the bulb back down the olfactory nerve, because the frequency components decrease in amplitude with distance from the bulb and no anatomical evidence of efferent fibers has yetbeen demonstrated in the olfactory nerve. Therefore, it may be concluded that the bulbar activities spread electrotonically to the recording site.
It is considered that the activities of the olfactory nerve proper are shownin the responses recorded from the part of the olfactory nerve distant from the olfactory bulb ( Fig. 2A) or in those remaining after sectioning the nerve behind the recording site (Fig. 3B) . It is highly probable that these electrical activities from the olfactory nerve are due to the asynchronous discharges of the olfactory nerve fibers, because they have components with a wide frequency range, including very high frequencies up to 315 Hz. Many studies of the olfactory nerve response also suggest the existence of asynchronous discharge of the nerve fibers, though they do not refer to the frequency spectrum (BEIDLER and TUCKER, 1955; MOZELL, 1962 MOZELL, , 1964 TUCKER, 1963; SHIBUYA, 1969; MATHEWS, 1972) . On the other hand, since the response of the olfactory nerve has peak-frequency components in the range 63-100 Hz (Fig. 4B ), although they are not so apparent as those in the responses of the olfactory bulb and lobe, it seems that the olfactory nerve fibers do not discharge in an entirely random fashion, but that there occurs some "synchronization" between them. Synchronized oscillatory potentials of the olfactory nerve have been reported in toads (TAKAGI and SHIBUYA, 1960a, b) , and in salmon (SUTTERLIN and SUTTERLIN, 1971) . It is still unknown, however, what the source for this oscillatory response is, though the possibility of electrical interaction between nerve fibers or receptors has been considered (see the review by MOULTON and TUCKER , 1964) . OTTOSON (1959) showed that the slow potentials (EOGs) of the rabbit's olfactory mucosa could be conducted by passive electrotonic spreading along the olfactory nerve. The three types of the slow olfactory mucosal potentials (on-, on-off-, and off-type) were reported in fish by SHIBUYA (1960) . The slow potentials of the olfactory nerve shown by the arrows of Figs. 2 and 3 might be regarded as the mucosal slow potentials of the on-off-type which were spread electrotonically from the olfactory epithelium to the recording sites on the olfactory nerve, since they decreased in amplitude with the distance from the olfactory epithelium (Fig. 2) and could be recorded even after the olfactorynerve was transected behind the recording site (Fig. 3) .
The responses of both olfactory bulb and olfactory lobe consisted of lowerfrequency components in the range 3.15-20 Hz, with the major frequency between 5-8 Hz. As they appear in a low and narrow frequency range, it is most likely that, in the olfactory centers, there exists some mechanism controlling the synchronization of the activity of the neuron population. Little has been known, however, with regard to the structure responsible for such oscillating slow waves. It was suggested by VON BAUMGARTEN et al. (1962) that induced waves were generated from the layers above and below the mitral cell layer in the rabbit's olfactory bulb. FREEMAN (1972) reported the oscillation of an electrically evoked potential due to the negative feedback loop in the olfactory bulb of the cat. Recently, SATOU and UEDA (1972) suggested that the rhythm of the slow waves in the carp's olfactory bulb was due to the synchronous firing of secondary neurons.
The fact that the response in the olfactory nerve is entirely different from the response in the olfactory bulb shows that the signals in the olfactory nerve are greatly modified in the olfactory bulb, presumably in the mitral cells. A similar, large modification of olfactory information at the level of the olfactory bulb could also be confirmed in another species of fish (rainbow trout) when they were stimulated with the pure chemicals (amino acids), in addition to complex stimulants such as food extract used in the present experiment (Satou and Ueda, in preparation) . On the contrary, TAKAGI and SHIBUYA (1960a, b) reported that the oscillatory potentials in the olfactory bulb (induced waves) evoked by an odor stimulation had almost identical features of wave patterns with those in the olfactory nerve of the toad. They suggested that a mechanism which produces the potential oscillation in the olfactory bulb exists in the olfactory epithelium or in the initial part of the olfactory nerve fibers. Their observations that there is little modification of the afferent signals in the toad olfactory bulb is insharp contrast to the present ones that large modification of the afferent signals occurs in the fish olfactory bulb. The discrepancy between these results may arise from the different experimental conditions using different materials.
The frequency response patterns of the responses on both sides in the olfactory bulb and lobe were only slightly different (Figs. 5, 6, and 8) . This seems to show that signals developed in the olfactory bulb are propagated tothe olfactory lobe and reach the contralateral olfactory lobe and bulb with little modification. Anatomical and electrophysiological studies have shown that there exist fiber connections between the bulbs through the anterior commissure (see reviews by ALLISON, 1953, and by MACLEOD, 1971) . It is likely that the oscillatory activities in the contralateral olfactory lobe and bulb (Fig. 8) were those activated by the interbulbar fiber systems. There was no topographical difference in the frequency response patterns of the olfactory bulbar responses as was shown in Figs. 5 and 6. Similar results have also been reported in rainbow trout by HARA et al. (1973) . HUGHES et al. (1967 HUGHES et al. ( , 1969 , on the other hand, have reported that the frequency components in the responses of the mammalian olfactory bulb were different at different recording sites. The discrepancy among these results seems due to the different experimental conditions and analyzing methods with different resolution. In order to clarify the problem as to the signal propagation through the olfactory pathway, more precise measurements of the frequency spectra are desirable. ADRIAN (1950 ADRIAN ( , 1951 SHEPHERD, 1963 SHEPHERD, , 1972 action of the facilitatory centrifugal system to the olfactory bulb in the same manner as in the carp. BENNETT (1968) showed , from the behavioral measures in an investigation of the effects of lesions of olfactory system structures upon the adaptation in the rat, that the fibers contained within the anterior limb of the anterior commissure mediate a component of the centrally originating olfactory adaptation. It is assumed that the process of adapta-tion in the olfactory bulb is regulated by the inhibitory systems within the olfactory bulb per se and also by the centrifugal systems from the higher olfactory centers having both facilitatory and inhibitory functions.
